We present a simple semi-empirical model to explore the hypothesis that the Madden-Julian 6 oscillation can be represented as a moisture mode destabilized by surface flux and cloud-7 radiative feedbacks. The model is one-dimensional in longitude; vertical and meridional 8 structure are entirely implicit. The only prognostic variable is column water vapor, W. The 9 zonal wind field is an instantaneous, diagnostic function of the precipitation field.
Introduction
We propose a highly idealized model of intraseasonal disturbances. The model is moti-in the Indian and western Pacific basins which is distinct from convectively coupled
where M s is the gross dry stability and R is vertically integrated radiative cooling. We have hand, are excluded. Adding (1) and (2) gives the moist static energy equation:
where M = M s − M q is the gross moist stability Neelin 1997 ).
120
Eliminating the divergence using (2) in (3), and expanding the total derivative on the LHS
where u(x, t) is an advecting zonal wind at a nominal steering level, andM = M/M s is the 123 "normalized gross moist stability" (defined slightly differently than in with zero meridional component, and accordingly we do not require that ∆ = −∂u/∂x.
130
Thus the mass, energy, and moisture budgets do not close in the domain integral. They are all negligible, the precipitation at any x is given by the single-column local expression
While advection in particular is generally not negligible, (5) is nonetheless useful in under-135 standing some basic properties of the model, as discussed further below. In the general case, 136 integrating (4) over the domain in x gives
In steady state, the precipitation satisfies
This equation does not give a closed relationship between domain-averaged quantities; for 139 example, even if E and R are specified andM is taken constant, computation of the advection 140 term requires knowledge of the longitudinal structure of u and W . 
with a d = 15.6, P R = 8.22 × 10 −5 mm d −1 , and F the saturation fraction requirement that the net effect of radiation must be to cool, not heat the atmosphere:
We expect that this radiative feedback will be destabilizing and assist in the development and value is r = 0.1, at the low end of this range; sensitivity of the model to r is discussed below.
182
Surface evaporation is parameterized as a function of steering level wind speed:
The dependence on wind speed is motivated by results from the simulation of Maloney et al. 
194
The normalized gross moist stability,M, is taken constant and positive in this study.
195
VariableM can be included, and most obviously could be parameterized as a function of W
196
(such dependence would be required to write a closed moisture budget in flux form in the 197 zonal plane, but as discussed above our system is open, with implicit meridional transport).
198
With the radiative parameterization (10), if P remains smaller than R 0 r −1 , the precip-199 itation in steady state for the special case of negligible horizontal advection and diffusion,
200
(5), can be written
whereM ef f =M (1+r)−r is a normalized "effective gross moist stability" including radiative 
We can determine G empirically or theoretically. Here, we derive G from the solutions of Gill
227
(1980) to the linear shallow water system on an equatorial beta plane subject to a localized 228 mass source forcing and Rayleigh damping on the mass and momentum fields, but also allow 229 an ad hoc zonal shift of the wind response, δ, relative to the heating:
with A and L constants. For δ = 0, this can be derived from Gill's model in the equatorially to this change, and other plausible variations in G, will be addressed in future work.
240
In this study we choose the length scale L to be 1500 km. This is consistent with an it in the nonlinear system is deferred to future work.
253
The parameter δ, introduced in eqs. (14)- (15) is a distance by which the response G is 
The background state is also assumed to have a uniform zonal wind U, so that the total
thus obtaining
where
Our linearized radiative perturbations are then
while, if we assume westerly mean winds, our latent heat flux is
Now assuming sinusoidal perturbations,
with W a complex amplitude and c a (potentially) complex phase speed, and substituting
314
we obtain
With a projection function of the form (14)-(15) and the linearized convective parame-316 terization (18), (13) can be written
For sinusoidal disturbances as described by (22), u ′ can be found analytically,
where to forcing, and would have the same wave speeds to the east or west -u and P will be in 331 quadrature for any value of that decay scale.
332
The importance of the phase lag between wind and precipitation is apparent if we take the 
While (28) 
345
In this model, as discussed above the existence of a spatial correlation between u and P
346
results from the east-west asymmetry in G. Since E is assumed proportional to u while P 347 is proportional to W , (28) thus implies that the destabilizing effect of WISHE in this model 348 also results from that asymmetry in G. That destabilization is thus a consequence of the 349 symmetry-breaking effect of the planetary vorticity gradient, β.
350
For the linear system, using (25), (23) becomes
The phase speed c and wind-precipitation proportionality factor Γ are both complex in We see that increasing either parameter increases the growth rate, while the shapes of the 365 curves remain qualitatively similar as these two parameters are varied around 50d and coalescing into the narrower structure evident in fig. 6 .
459
While the eastward propagation and planetary horizontal scale of the nonlinear mode 460 might be viewed as encouraging, the discontinuity at the leading edge is not MJO-like.
461
Observations show that the transition from suppressed to active phase is as gradual as that to the real atmosphere.
468
The model is nonlinear, and many parameter choices affect the mean state as well as 469 the existence or properties of time-dependent perturbations to it. As an example, Fig. 9 shows an example in which all parameters are the same as in Fig. 6 , but the cloud-radiative propagation.
478
The solution in fig. 9 illustrates the general property that changes in the perturbations state in the present model, but these will in general also influence the disturbance dynamics.
487
We have performed a wide range of sensitivity studies. fig. 2 , except that on the left, the cloud-radiative feedback parameter r is varied from 0 to 0.2 in increments of 0.05, and on the right the wind shift parameter δ is varied from 0 to 500 km in increments of 100 km. Greater growth rate at low wave number corresponds to greater r and greater δ. 
